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Abstract-The structure of a near-coherent twin boundary in a Au bicrystal was investigated using transmission electron microscopy. Upon annealing the bicrystal, a low angle boundary and a parallel coherent twin boundary merged to form a near-coherent twin boundary with a deviation of 0.45' from the exact twin orientation.
In the near-coherent twin boundary a dislocation network has been observed with a characteristic six-star pattern, while in some small areas the network has a triangular shape which is closely related to the six-star pattern. In an effort to reproduce these patterns in a computer simulation study, the atomic configurations in (111) twist boundaries close to the twin orientation were calculated (X37, C61, X91, X.127, X169). For a given twist boundary and interatomic potential both six-star and triangular patterns were obtained. The triangular structure appeared to be energetically much more favourable. independent of the various interatomic potentials employed.
R&wm&Nous
avons Ctudie par microscopic electronique en transmision la structure d'un joint de macle presque coherent dans un bicristal d'or. Au tours d'un recuit du bicristal, un sous-joint et un joint de macle coherent parallele fusionnent pour former un joint de macle presque coherent, avec une deviation de 0,45" par rapport a I'orientation de macle exacte. 
INTRODUCTION In contrast
to dislocations, grain boundaries do not possess a long range stress field. As a consequence, their effects on materials behaviour are determined by their local atomic configurations.
Over the past decades, these local atomic configurations have been investigated with increasing frequency, using computer simulation techniques. Since important aspects of grain boundary behaviour are complex phenomena, which tend to be resistant to analytical treatment, computer simulations have become very useful in understanding some of the basic concepts. For a review reference is made to [l, 21. Comparing the computational results with experimental data is often a difficult task because the core regions of grain boundaries cannot reliably be investigated experimentally.
In the present investigation, this problem is solved by carrying the detailed atomic calculation of grain boundary structures to the point where they qualitatively reveal the observed structures.
Direct motivation for a computer simulation study stems from the experimental investigation of the structure in (111) Au bicrystals using transmission electron microscopy.
In particular, the in situ annealing of a bicrystal, containing a low angle twist boundary and at least one coherent twin boundary was studied by TEM (Section 2). The coalescence of these boundaries led predominantly to the formation of characteristic six-star dislocation networks consisting of three parallel sets of Shockley partial dislocations with associated steps in the twin boundary. It suggests that the most stable atomic configuration is a micro-faceted configuration. So far, faceting has mainly been studied in tilt boundaries [3, 4] . In an effort to reproduce the observed six-star patterns, the atomic configurations in (111) twist boundaries close to the twin misorientation were calculated. The computational results are described in Section 3 and discussed in Section 4 in comparison with experiments.
TEM OBSERVATIONS
The Au bicrystals used in this investigation were prepared from thin (111) Au single crytals according to the method described elsewhere [5] . In Fig. 1 schematic view of the specimen is depicted, showing the various boundaries present. Crystal I contains a number of areas, surrounded by low angle tilt boundaries. In crystal II a number of coherent twin boundaries are present parallel to the surface. Upon annealing at 475 K one of these twin boundaries, together with the original low angle twist boundary, forms a near -coherent twin boundary with a misorientation of 0.9" and 0.45" around the common [ 1111 axis in areas B and C, respectively. Regions B and C are separated by a low-angle vertical tilt boundary In area C of the near-coherent twin boundary a dislocation network is observed which has the shape accommodating the misfit difference, as discussed in of a six-star pattern. Weak-beam images were analysed for the determination of the Burgers vectors and more detail elsewhere [6] .
the exact shape of the dislocation network. The Burgers vectors are of the type l/6 (112) and the dislocation spacings are 16 nm and 32 nm for areas B and C, respectively. Figure 2 shows a dark-field micrograph of these areas taken with the matrix diffraction vector [TIT] ,. Because the orientation of the electron beam was near the [121], axis, no corresponding twin reflection (11 l), was excited and consequently no Moirk effects will complicate the image interpretation, as has been discussed by Hamelink and Schapink [7] . It is well known that a l/6 (112) dislocation in a coherent twin boundary causes a step in the boundary equal to one interplanar spacing [8] . A sequence of steps introduced by a network of a/6( 112) dislocations has to satisfy Using the matrix reflection (i 1 T), a stepped boundthe condition that the average boundary normal ary configuration is imaged clearly as a black-greyremains equal to the [ll I] normal of a coherent twin boundary. Using this concept Scott and Goodhew [9] have argued that the network will take the white contrast pattern (Fig. 2) . At first sight, it is shape of a six-star pattern, consisting of a sequence of hexagonal and triangular areas such that the unexpected that these steps lead to such a strong triangular areas are located alternately on adjacent (111) planes above or below the plane of the hexacontrast since these steps of 0.23 nm are very small gons. This configuration minimizes the occurrence of double steps in the boundary.
relative to the extinction distance of 17 nm for a (111) reflection in Au at 120 kV. However, the presence of l/6 (112) dislocations in a near coherent twin boundary may produce a strong stacking fault-like contrast provided another parallel coherent twin boundary is present [5] . Focussed Riecke diffraction patterns confirmed that at least one coherent twin boundary is parallel to the near-coherent twin boundary. During subsequent in situ annealing area B in Fig. 2 was found to move, caused by the migration of the vertical tilt boundaries as explained in [6] . 
COMPUTATIONAL METHOD AND RESULTS
The method of calculating the "equilibrium" grain boundary structure consist essentially of a procedure for numerical integration of the equations of motion resulting from Newtonian mechanics. The first step in the simulation is the construction of a large computational block of interacting atoms. The atoms are released from an arbitrary, non-overlapping configuration within that computational block either from rest or with a random distribution of velocities. The relaxation of the individual atoms attempts to achieve a minimization of the energy of the system with respect to the positions of the atoms, assuming a suitable interatomic interaction function. The relaxation procedure employed was a static one. This type of calculation carries out the minimization of the potential enery of the atoms and corresponds to the minimization of the internal energy, E, at T = 0 K.
In principle one should be able to construct a realistic picture of the grainboundary structure using this method provided that the appropriate pair potential is accurately known. The accuracy of the potentials used to determine the forces between atoms is essential to the success of a computer experiment. In our study we have applied two completely different sets of potentials for Al: Lennard-Jones 6612 potential based on the sublimation energy for aluminum [IO] and a screened pseudopotential of Al (11). In the approximation of the central force, the internal energy E of a metallic system takes the form E = c' 0) + 112 c#(rii, n,) (I) I., where u(Q,) is a potential dependent only on the average volume per ion, Q,, and Cp(rii, Q,) is the volume-dependent pair potential acting between ions at positions r, and r,. U(QJ is structure independent and represents the average energy of the conduction electrons in the metal It is responsible for the observed deviation from the Cauchy relation, Cu = C,, in cubic metals, In quantum mechanics, expression (I) is applicable if the perturbation expansion to the second order is sufficient and the higher order terms which lead to many-body forces can be neglected, i.e. a "weak" potential as a perturbation upon a chosen ground state. A well known technique for the construction of "weak" potentials is the pseudopotential method which is, however, only applicable to simple metals, The general feature of these potentials is the long range oscillatory behaviour. The Al-potential constructed along these lines is depicted in Fig. 3 . The Lennard-Jones potential. shown in Fig. 4 , behaves rather differently.
It represents an empirical pair potential which incorporates the volume dependent terms. At large distances, the forces fall off as the seventh power of the distance, simulating the behaviour of Van Der Waals forces between closed-shell atoms. As a result, this potential is particularly suited to describe rare gas solids, although not metals. In that sense the potential we used is rather a mathe- matical representation of Al than a physical description. It has to be emphasized that our atomistic study of grain boundaries is aimed at finding characteristic features of grain boundary structures, possibly depending on the mathematical form of the potential chosen, rather than at predicting structuraf details of grain boundary structures in Au. Since pseudopotential theory is applicable to Al, two completely different sets of potentials are available for Al, in contrast to Au. In the computations various initiaI configurations were ~~v~sti~at~. For the coincidence type boundary the original block of atoms is a geometri~a]Iy eonstrutted bkicrystal corresponding to a chosen value of C, rotation axis and boundary plane. 2: represents the r&procaI density of coincidence sites in the unit ceil of the coincidence site lattice. The atomic configurations in a number of (11 I) twist boundaries close to the twin orientation were calculated: C = 37, 50.57"; X==6I, 52.66"; r: =9I, 53.99"; X = 127, 54.91"; Z = 169_ §5.59"+ The simulated part of the crystal consists of 8 {I 11) lattice planes. Fixed boundary conditions were applied in the direction perpendicuiar to the grain boundary in the sense that on the top and bottom of the ~ornFu~tiona~ c&f at least two extra planes were kept in their starting configuration. We have aBowed for rigid tFans~atio~. In dir~t~ons parallel to the grain boundary, periodic boundary monitions were applied. The repeat distance was at Ieast equal to the repeat distance of the es1 cell in the boundary pIane. If the starting ~~~gurat~on was chosen to be the exact coincidence co~~gur~tio~, the fina atomistic structure after retaxation was found to be very similar to the initial configuration. The small d%erences could be d~monstra~d most cIearIy in a plot of the Fourier transform of a particular grain boundary structure fl2, 131. As a tgpicaI exampfe, the atomic configuration of the C. = 91 twist bo~nd~y is depicted in Fig. 5 . Based upon the sttding of (1 I I) planes, this structure can be described by a triangular network of ShoekIey partial dis~o~~io~s, as indicated in Fig. 5 . A rigid translation of one crystal with respect to the other in the starting confIguration may lead to a slightly different f&all structure. However, in $1 of these configurations one finds that some atoms in the lattice planes adjacent to the boundary are at a distance closer than the nearest neighbour distance in an undistorted f.c.c. crystal, (Upto G+/J~ vs i&J2 for n.n. distance in f.c.c. lattice.) Consequently these atoms produce a farge co~tribuiio~ to the gram boundary energy due to the repulsion part in the atomic potential. In order to look for a lower energy co~~gur~tion and to avoid the close approach of atom pairs in the boundary a different procedure has been adopted. To this end, the lattice plane in the middIe of tbt: ~orn~utat~o~a~ block, has been divided in two separate sections, belonging to the upper and lower crystal, respectively, in such a way that no two atoms on different (I 11) planes are too close to each other in the starting con~~u~ation. The initial density of this particular plane was taken to be the same as the density of the other (I II). After relaxation, structures different fram those depicted in Fig. 5 were found, de~~d~ng on the atomic interaction function used. Figure 6 shows that one structure obtained for X = 91 closeiy resembies the six-star pattern observed ex~rirn~~tal~y for a much smaller deviation from the twm orientation (Fig. 2) . The dashed lines in Fig. 6 represent dislocation line segment lying between pIanes 0 and 1 j The stacking sequence of (Ill) planes in a cross section along P,P, in Fig. 6 is illustrated in Fig. 7 , where the symbals I[ and 11 represent the ABC ,..andCBA + . . stacking sequence of the ft It) pfancs. Apparently the boundary pIane has a stepped character such that the double steps occur at the corners of the &riangIes in Fig. 6 , in agreement with the experimentally observed structure of the network. There exists a close connection between the dislocation ~n~gu~tjoi~ of Figs 5 and 6. On ~orn~~~~~ both structures it is easily seen that a parallel shift of Fig. 6 , the dashed triangles in Fig. 6 disappear. This implies that the triangular structure of Fig. 5 consists entirely of single steps in the boundary.
Apart from the six-star pattern observed in Fig. 2 there is evidence that in some areas the dislocation configuration is close to a triangular structure similar to that obtained in Fig. 5 .
The relative stability of different configurations for a given boundary depends on the interatomic potential. Apart from the six-star pattern, the triangular structure was found, as depicted in Fig. 5 . Using the pseudopotential for Al, this triangular structure appeared to have a lower internal energy than the six-star pattern structure for all the C boundaries under investigation.
The internal energies of several boundary structures, triangular and six-star pattern, are plotted in Fig. 8 . The various structures obtained for different coincidence orientations and interatomic potentials are summarized in Table 1 . From this table it is seen that for a given twist boundary and interatomic potential two different structures can be obtained. If the cut-off of the interatomic potential is close to the second nearest neighbour the stacking fault energy is zero, and as a result even a third hexagonal pattern was found (Fig.  9 ). This configuration, however, is not relevant for twin boundary structures since it minimizes the stacking fault energy. 
DISCUSSION AND CONCLUSIONS
Employing a pseudo-potential for Al in a numerical relaxation procedure for the configuration of near-coherent twin boundaries, two different structures have been generated. These structures can be described with the aid of a triangular and six-star pattern of Shockley partial dislocations as illustrated in Figs 5 and 6, respectively. It has been found that the computed energy of the triangular configuration is in general much lower than the energy of the six-star pattern as illustrated in Fig. 8 . This may seem somewhat surprising, since inspection of Fig. 5 shows that the atoms in the neighbouring planes in the vicinity of the corners of the triangles are situated above each other. However, the energy difference between the two structures may be associated with the way in which the six-star pattern was generated.
As described in the previous section, to obtain this pattern the central plane was divided among the two half crystals and this plane is still distorted after relaxation. Thus in the starting configuration the atoms within this plane are closer than in a wellordered single crystal (111) plane, whereas the atoms lying on adjucent (111) planes are not much closer than the nearest neighbour distance in an f.c.c. lattice.
Experimentally a six-star pattern has been found in near-coherent twin boundaries in Au, as shown in Fig. 2 and also observed by Scott and Goodhew [9] . With regard to these observations two remarks should be made. First, the deviation from the exact twin misorientation is about ten times as small compared with the computed structures. Because of the limited size of the computer-simulated bicrystal it was not possible to obtain structures closer to the experimentally observed structures. Secondly, upon close inspection of Fig. 2 it may be observed that there are small regions in area C in which the network almost appears as a triangular structure, characterized by the absence of area of "white" contrast. This suggests that perhaps the energy difference in Au between both structures is not very large, as may have been anticipated from the previously discussed simple transformation of one structure into the other. This transformation preserves the dislocation density in the boundary plane. Also both structures consist of single atomic steps in the boundary, in contrast to a hexagonal or lozenge-shaped network which introduce double steps in the boundary, thereby increasing the boundary energy [9] .
As a general conclusion of this work it appears satisfactory that experimentally observed structures in near-coherent twin boundaries in Au could be reproduced in a computer simulation study based upon suitable potentials for Al. However, detailed agreement has not been obtained, the main discrepancy being the large energy difference between the triangular structure and the six-star pattern found in the simulations.
Although the computed energy difference depicted in Fig. 8 tends to decrease with decreasing deviation from the twin orientation, it is not expected that the two structures have nearly the same energy close to 60", as suggested by the experiments.
(0 cluded that in metals a central-force constant volume approach cannot be successful in predicting detailed structural properties of interfaces. The pair potential approach works as far as trends are concerned and does not work, for obvious reasons, in any detailed total energy calculation for a specific metallic system. The inaccuracy of the calculation, e.g. the effect of fixed boundary conditions in the Z-direction on the atomic configurations calculated. To get more reliable results, a larger range of the potential should be used. An extension in the range of the potential forces us to increase the number of atoms in the simulated cell. This in turn leads to a decrease in the precision with which the configuration and therefore the energy of the grain boundary can be calculated [16] .
